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The optical absorption of amorphous tungsten oxide thin films was studied at low intercalation levels.
The electronic density of states was obtained by an electrochemical method and bias potential regions
were assigned to the conduction band and gap states according to the experimentally estimated conduc-
tion band edge. Differences between the coloration in the conduction band and gap states were observed
when comparing the experimental results to a theoretical site-saturation model that considers electronic
transitions between localized tungsten sites. The model could reproduce the optical response due to con-
duction band states. However, it underestimated the rate of change of the optical absorption coefficient
with intercalation level for gap states. This discrepancy is discussed in the context of small-polaron opti-
cal absorption.

� 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Electrochromic (EC) materials are able to change their optical
properties upon the application of an electrical voltage [1]. EC thin
films are functional components in devices providing variable
transmission of visible light and solar radiation. Their largest appli-
cation lies in energy-efficient and comfort-enhancing smart win-
dows, that today are being installed in modern buildings [2]. The
inorganic oxides most commonly used in applications are WO3

and NiO [3].
The electrochromic effect is due to insertion of ions from an

electrolyte into the EC film together with charge-compensating
electrons from the outer circuit. In inorganic EC materials, it is
the electrons that give rise to coloration due to intervalence charge
transfer absorption [4]. The inserted electrons enter vacant elec-
tronic states at an energy level that can be tuned by varying the
applied electrical potential. Hence it is possible to probe the elec-
tronic density of states (DOS) as a function of energy, provided that
the rigid-band approximation holds and no phase transitions occur
during the intercalation process [5]. Different methods can be used
to measure this so-called electrochemical density of states (EDOS),
but chronopotentiometry (CP) appears particularly versatile [6].
This method has provided data with strong resemblance to the
shape of the electronic DOS for various EC oxides—for example,
WO3 and TiO2 [6], SnO2 [7], and V2O5 [8]. The initial stage of EC col-
oration has seldom been studied, but there is some evidence for an
initial rapid drop of the potential under applied constant current in
wide-bandgap intercalation materials [9]. It has therefore been
hypothesized that the EDOS is sensitive enough to probe gap states
in EC oxides.

In this paper, we present a detailed study of the EDOS of amor-
phous tungsten oxide (aWO3) focusing on the initial coloration
phase, which to our knowledge has not been studied in detail
before. Using evidence from flatband potential measurements,
we argue that it is possible to distinguish gap and conduction band
(CB) states in the EDOS. We also study the differential coloration
efficiency (DCE) [10] and find significant differences between the
two regions. While the DCE for states in the CB shows excellent
agreement with the extended site-saturation (ES) theory [11], the
optical behavior in the potential region assigned to gap states is
completely different.
2. Methods

aWO3 thin films were deposited by reactive DC magnetron
sputtering, as described in Supplementary Information (SI). The
amorphous structure was verified by X-ray diffraction. Rutherford
backscattering spectrometry gave information on composition and
density, as described in SI. A standard three-electrode setup was
used for combined in situ electrochemical and optical measure-
ments [10], performed in an argon-filled glovebox. The aWO3 sam-
ple was the working electrode (WE) and lithium foils were
employed as counter and reference electrodes—all being immersed
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Fig. 2. Mott-Schottky plot for aWO3, depicting C�2
dl vs: potential. The intercept is

indicated in the plot.
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in the electrolyte (1 M LiClO4 dissolved in propylene carbonate).
The electrochemical measurements—CP using a constant current
of 1 lA and electrochemical impedance spectroscopy (EIS) at fre-
quencies of 10 mHz-100 kHz—were carried out using a BioLogic
SP-200 potentiostat. The transmittance T of the WE was measured
at the wavelength 810 nm (1:53 eV). The T ¼ 100%-level was
defined as the transmittance of the as-deposited uncolored WE,
immersed in the electrolyte. Experimental details are given in SI.

The intercalation level x ¼ Li=W is defined as the fraction of
intercalated ions (or inserted electrons) per formula unit of WO3,
as readily obtained from CP [10]. The number of inserted electrons
per potential unit and formula unit of WO3 [5] is given as
EDOS ¼ �dx=dV , with V the potential of the WE. The differential
capacitance is defined as Cd ¼ �dq=dV , with q the total integrated
charge per unit area. If q is entirely associated with lithium inter-
calation, Cd ¼ edNWð ÞEDOS , with e the elementary charge, d the
film thickness, and NW the tungsten number density. The differen-
tial coloration efficiency K can be expressed as

K ¼ � edNWð Þ�1T�1dT=dx [10]. Assuming that only W5þ ! W6þ

electronic transitions contribute to the optical density (defined as
the optical absorption coefficient times d), the ES theory gives an
optical density ODES k; xð Þ of the form [10]

ODES k; xð Þ ¼ AES
56 kð ÞPES

56 xð Þ; ð1Þ
with k the optical wavelength, PES

56 xð Þ ¼ x 1� x=2ð Þ3 the probability
of transition between an occupied and an empty tungsten site,

and AES
56 kð Þ a wavelength-dependent absorption strength. The corre-

sponding DCE is given by KES k; xð Þ ¼ edNWð Þ�1dODES k; xð Þ=dx.

3. Results and discussion

The potential obtained by CP and the simultaneously measured
transmittance of the aWO3 sample are depicted in Fig. 1(a) for low
intercalation levels. The potential presents a fast decrease down to
� 3:1 V vs: Li=Liþ (with an initial abrupt drop down to
� 3:55 V vs: Li=Liþ). In the same range, the transmittance
decreases from 100% down to � 79%. In the extended range of x
depicted in Fig. 1(b), the potential continues to decrease smoothly,
while the transmittance displays a conspicuous minimum at
x � 0:5 and thereafter increases again.

The flatband potential V fb of the aWO3 electrode can be
obtained from the Mott-Schottky relation for the double layer
capacitance, Cdl, at the electrolyte/electrode interface [12],

1

C2
dl

¼ 2
��0eN

V � V fb � kT
e

� �
; ð2Þ
Fig. 1. Potential V and transmittance T of aWO3, measured during the chronopo
V > 3:11 V vs: Li=Liþ and (b) in the whole potential range down to � 1:3 V vs: Li=Liþ .
with k the Boltzmann constant, � the dielectric constant of aWO3, �0
the vacuum permittivity, and N the carrier concentration in the
depletion region. Values of Cdl were obtained from analysis of EIS
measurements at bias potentials between 2:8 and 3:7 V vs: Li=Liþ,
as described in SI. The Mott-Schottky plot of C�2

dl for aWO3 is
depicted in Fig. 2, and displays an intercept with the potential axis
at about 3:22 V vs: Li=Liþ.

Hence, according to Eq. (2) with kT=e � 0:025 V,
V fb ¼ 3:20 V vs: Li=Liþ. This flatband potential is in good agreement
with that obtained for an aWO3 film in Ref. [13] by a Mott-Schottky
analysis at a frequency of 1:1 kHz. The conduction band edge (CBE)
is at a somewhat lower potential than V fb. As explained in SI, we
estimate a CBE value of about 3:11 V vs: Li=Liþ.

The differential capacitance Cd as well as the experimental and
theoretical DCEs are depicted in Fig. 3. At high potentials above
� 3:55 V vs: Li=Liþ, Cd displays values below 100 lF cm�2 [Fig. 3
(a)]. This region may be influenced by the charging of the double
layer as well as formation of adsorbed ion–electron species. For
lower V values, effects of the EDOS are clearly dominant and an
exponential band-tail is observed in the bandgap region. For
V < 3:11 V vs: Li=Liþ [Fig. 3(b)], Cd is assigned to states in the CB
of the aWO3 film. Regarding the DCE, after a transition region close
to � 3:11 V vs: Li=Liþ, KES shows a remarkably good agreement
with K at bias potentials corresponding to the CB [Fig. 3(b)]. How-
ever, they differ significantly in the bandgap region, K being much
tentiometry experiment as a function of intercalation level (a) in the region



Fig. 3. Differential capacitance Cd and differential coloration efficiency obtained from the CP experiment (K) and from a fit of ES theory to the experimental data (KES) as a
function of potential in (a) the bandgap region (V > 3:11 V vs: Li=Liþ) and (b) in the whole potential range probed during the CP experiment. In (b), the conduction band edge
at about 3:11 V vs: Li=Liþ is indicated by a vertical line. An exponential fit to Cd in the bandgap region is indicated in both plots.
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higher than KES. The origin of the peak in K at � 3:45 V vs: Li=Liþ is
not known but could be related to gap states as well as interfacial
capacitive processes.

The large discrepancy between K and KES in the bandgap region
clearly shows that the rate of change of optical density with
respect to the intercalation dODES k; xð Þ=dx is not solely accounted

for by the term dPES
56 xð Þ=dx. Instead, the prefactor AES

56 kð Þ in Eq. (1)

must also depend on x and give an additional contribution to KES.

Indeed, in the small-polaron picture [14], AES
56 depends on parame-

ters like the activation energy of hopping conduction and the
width of the distribution of localized states around the Fermi level.
As observed experimentally [15], these quantities can change with

x. According to Fig. 3, this variation is such that AES
56 changes rapidly

with x at high potentials and stabilizes around a certain value for
potentials corresponding to CB states—where K is well reproduced

by KES with a prefactor AES
56 that does not depend on x.
4. Conclusions

The electrochemical density of states of aWO3 was studied and
conduction band and gap states could be distinguished by deter-
mining the flatband potential using the Mott-Schottky equation.
Particularly, optical absorption due to band states showed good
agreement with the extended site-saturation theory, whereas gap
states displayed higher values than those predicted by this theory.
This discrepancy is attributed to a strong intercalation level depen-
dence of the parameters describing optical absorption in the small-
polaron picture—this dependence seems much less significant for
conduction band states. An improved understanding of the col-
oration of aWO3 requires theoretical developments concerning
the relation between the density of states and optical absorption.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.mlblux.2020.100048.
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